Stomatal behaviour of plants in drying soil can be regulated by (long distance) chemical signals that provide the shoot with some measure of water availability. Although much emphasis has been placed on the plant hormone abscisic acid (ABA) as a central component of the signalling process, soil drying will modify the delivery to the shoot of a range of potential chemical signals. Here we consider the role that changes in the xylem sap pH might play in determining the access that ABA has to sites of action on the guard cells. We also show how redistribution of inorganic ions between different compartments in the leaf (localized chemical signalling) can provide sensitive control of stomata and water loss in response to potentially damaging changes in leaf temperature. Partial root zone drying is an irrigation technique that has been developed to allow exploitation of the plant's long distance signalling system. When the system is optimized, stomatal behaviour, shoot water status and leaf growth can be regulated such that water use efficiency (fruit yield/water used) can be significantly increased. We show how an understanding of the drought stress physiology of the whole plant can lead to substantial saving of irrigation water in agriculture.
Introduction
Soil drying will modify all aspects of a plant's growth, development and functioning and considerable effort has been expended in particular in trying to understand how gas exchange and shoot growth are restricted as the soil around the root dries. The traditional view, still found in most of the literature, is that restricted water availability will limit water uptake by roots and this will inevitably result in the development of water deficit in the leaves. While leaf water deficit clearly does influence growth and functioning of leaves (Comstock & Mencuccini, 1998) , much work now suggests that some plants will regulate shoot water status independently of hydraulic signals as soil dries (Blackman & Davies, 1985; Gollan et al. , 1986; Gowing et al. , 1990) , and it is clearly important to understand how this 'isohydric' response comes about. In many cases restricted stomatal conductance and leaf growth will act to restrict water loss, as a result of the action of chemical regulators generated by interactions between the roots and the drying soil (Zhang & Davies, 1989) . These regulators move through the xylem stream to provide the shoots with some measure of water availability to the root.
Plant growth and functioning is regulated accordingly (Loveys, 1984) , with control of stomatal behaviour an important component of the suite of responses that can be detected. In fact, there is much evidence that root-sourced chemical and hydraulic signals interact , and it would perhaps be surprising if this were not the case. In this review however, we limit ourselves to the exploration of aspects of the chemical signalling system only. Although we now have some understanding of much of the signalling process, there is still controversy. The concept of the generation of a chemical signal in the root, which arrives unchanged in the shoot to regulate growth and functioning is an over-simplification. We will show here how the signal can be modified on its path to sites of action in the shoot, and how this modification may act to integrate the influence of edaphic and climate regulators of stomatal functioning. We also consider how the plant's chemical signalling process may be exploited in agriculture to provide some regulation of water use, plant growth and yield.
Control of plant functioning under drought: root signalling

Inorganic ions
The responses of plants can be very finely tuned to soil drying such that a restriction of stomatal conductance can become apparent even when the soil water status changes by only a few kPa (Davies & Gowing, 1999) . It seems likely therefore that these responses are not a function of a wholesale change in root functioning as the soil dries but rather a specific signalling process involving perhaps a limited number of chemical species. There is much evidence that hormonal signalling is important in the regulation of shoot responses (Davies & Zhang, 1991) , and abscisic acid (ABA), which strongly promotes stomatal closure ( Jones & Mansfield, 1970; Assmann & Shimazaki, 1999) , has been high-lighted in particular as an important root generated chemical signal sent to leaves via the xylem (Gowing et al. , 1993; see below) . A reduction in xylem cytokinin concentration with soil drying has also been shown to contribute to stomatal closure as a negative root-sourced signal (Incoll & Jewer, 1987) . Modified uptake and transport of inorganic ions by roots in drying soil may also exert profound effects on shoot physiology. For example, Shaner & Boyer (1976) have noted that reduced nitrate delivery to shoots of plants in drying soil can act as a signal that specifically regulates leaf biochemistry and that this explains some of the effects of soil drying on the functioning of plants. Deficiencies of nitrate and other nutrients can also contribute to changes in stomatal aperture (Radin et al. , 1982) as soil dries. Modified nutrient uptake and transport will be a function of limitations in the supply of nutrients to the root surface and changes in the functioning of ion channels and carriers in the root membranes (Roberts & Snowman, 2000) . One clue concerning a potential mechanism of action of nutrient deficiency (soil drying-induced or otherwise) on stomatal behaviour is the finding that nitrate deficiency can enhance stomatal sensitivity to an ABA signal (Radin et al. , 1982; Schurr et al. , 1992) . We now believe this results from the effects on the pH of the xylem sap of modified uptake and transport of particular inorganic species (Raven & Smith, 1976) . Nitrate deficiencies switch nitrate reductase activity from shoots to roots (Lips, 1997) , and this gives rise to greater concentrations of the products of N reduction (inorganic acids such as malate) in the xylem, which are thought to alkalise the sap (Kirkby & Armstrong, 1980; Patonnier et al. , 1999) . Xylem sap pH often increases sensitively in response to soil drying , and leaf growth rates slow and stomatal apertures are reduced in response to pH increases in the relevant range (Sauter et al ., 2001 ; see below) because they concentrate ABA at its site of action (the guard cell apoplast -see below). It may therefore be the case that soil-drying-induced modification of inorganic nutrient uptake affects leaf functioning via changes in pH in various parts of the plant (Wilkinson & Davies, 2001) .
Other examples of inorganic ions that have modified uptake into plants as a result of soil drying, and that can influence the strength of a root generated hormonal signal include potassium and calcium (Wilkinson & Davies, 2001 ).
Xylem pH
In many plants, as described above, soil drying raises the pH of the xylem sap and there may often be a good relationship between these two variables, which also frequently correlate with stomatal closure (Hartung & Radin, 1989; Gollan et al. , 1992; Wilkinson et al. , 1998) . Xylem sap alkalinisation was therefore predicted to be a root-sourced soil drying signal inducing changes in leaf physiology (Schurr et al. , 1992; Slovik & Hartung, 1992 ). Hartung's group showed that increasing the pH of the medium bathing isolated root and leaf cells and tissues reduced the uptake of abscisic acid into these (Kaiser & Hartung, 1981; see below) . Computer-generated models showed that this could mean greater penetration of xylem ABA to the stomatal guard cells because of its reduced removal by the leaf cells from the transpiration stream flowing around them within the apoplast (Slovik & Hartung, 1992) . Supporting evidence that increases in pH could close stomata via an ABAbased mechanism came from findings that apparent stomatal sensitivity to xylem ABA increased with xylem pH (Schurr et al. , 1992) , and interestingly also with the accompanying reduction in xylem nitrate induced by soil drying. Recently these predictions were substantiated: elevated pH can close stomata and limit leaf growth (Wilkinson & Davies, 1997; Bacon et al. , 1998) , but only when ABA is also supplied in the xylem even if the concentration is only equivalent to that found in the well watered plant. This evidence supports the hypothesis that increases in xylem and therefore in leaf apoplastic pH prevent partitioning of the hormone into the symplast away from sites of action on the stomatal guard cell (see below). It also means that even the relatively low ABA concentrations present in the xylem of well-watered plants can close the stomata, if the pH relations of the leaf allow the ABA to access the guard cells.
This subtle change in the ionic status of the xylem can therefore be a very effective signalling mechanism allowing the plant to respond to small changes in soil water or nutrient availability without the necessity for the synthesis of extra hormone. It could also explain the great variation described in the literature in the sensitivity of leaf conductance to a given concentration of ABA in the xylem stream (Correia & Pereira, 1995) , or even the complete lack of an effect of ABA on stomatal activity (Munns & King, 1988) , without needing to invoke the presence of another unknown signal molecule in the xylem stream (although several others explanations for these findings could equally apply -see below).
That effects of soil drying on the location of nitrate reductase activity (see above) are responsible for the often associated increase in sap pH may not be the only mechanism by which alkalinisation of plant compartments could occur. Droughtrelated pH changes in xylem sap might result from differential proton-pumping activity in the xylem-associated cells of these plants (Hartung & Radin, 1989) . Other potential mechanisms for soil drying-induced changes in xylem sap pH have been described (Wilkinson, 1999) . Some plant species do not show this alkalinization response (see below) and this may be a function of differential effects of soil drying on the ion transport processes of the cells in the root and in the transport pathway, and perhaps particularly of effects of soil drying on the nitrogen metabolism of plants (see above; Wilkinson & Davies, 2001 ).
Abscisic acid
The plant growth regulator abscisic acid (ABA) plays a central role in the long distance drought signalling process in many plants (Gowing et al. , 1990; Davies & Zhang, 1991) . Under certain circumstances the ABA content of the root or the ABA concentration in the xylem can be related to soil water status (Zhang & Davies, 1989 ) and as such can constitute a 'measure' of the degree of soil drying. These kinds of relationships can even be constructed for plants growing in the field , which suggests that this kind of signalling is fairly robust in nature. ABA is an effective stomatal closing agent and relationships between stomatal conductance and xylem (ABA) generated from data collected in the field suggest that ABA can have a controlling influence and determine day to day variation in stomatal behaviour as soil dries, as well as leaf to leaf variation in conductance when different cultural treatments are applied.
The amount of ABA in the xylem may be a reflection of the extent of soil drying partly because more ABA is synthesised in dehydrating roots but also because more ABA arriving in the root in the phloem can be re-circulated to the shoots when roots are experiencing low water potentials in drying soil. The finding of Liang et al . (1997) , that soil drying reduced catabolic degradation of ABA by root cells, may have contributed to this phenomenon. Similarly, Slovik et al . (1995) provided evidence that root pH relations are also affected by soil drying such that ABA penetration to and uptake by the xylem vessels in the root is maximised.
Nevertheless, it is still the case that the ABA concentration that is detected in the xylem vessels cannot always explain the extent of the influence of soil drying on leaf physiology (Munns & King, 1988) . One of the reasons for this is that only a portion of the ABA entering the leaf via the xylem ultimately penetrates to the guard cells in the epidermis, and that the size of this portion can be influenced by the xylem and /or leaf apoplastic pH ( Wilkinson & Davies, 2001 ). The amount of ABA found in the leaf (the ABA signal) will also be affected by the breakdown in the leaf, by apoplast de-limited enzymes, of inactive conjugated forms of the hormone transported there by the xylem (Netting et al. , 1992; Hartung et al. , 2001) . The concentration of these compounds in the xylem can be greatly increased by mild soil drying (Hartung et al. , 2001) , and of course they are not detected by assays for ABA, resulting in increased leaf ABA concentrations that may not be paralleled by similar increases in xylem ABA. The extent of the exchange of xylem ABA with xylem parenchyma cells along the longdistance transport pathway within the stem (Sauter et al ., 2001) , and the amount of ABA removed from the leaf apoplast by the phloem will also significantly affect the delivery of ABA molecules to the binding sites of the hormone on the guard cells. Both of these processes are thought to be affected by soil drying, perhaps mediated by soil-drying-induced increases in pH, which reduce ABA removal from the xylem by stem parenchyma (Sauter et al. , 2001) or from the leaf apoplast by the phloem ( Jia & Zhang, 1997) . Hormone delivery to the apoplastic microcompartment directly adjacent to the stomata may be considered to be the fundamental 'root signal' to which stomata respond (Zhang & Outlaw, 2001a,b) , and there is plenty of opportunity for the concentration of ABA leaving the root in the xylem to be changed before it enters this microcompartment, by the other root-sourced chemical influences such as the pH changes described above.
It is pertinent to mention here that root-sourced hydraulic signals can also alter the strength of the chemical signal sent from the root once it has entered the leaf, despite the fact that chemical signals can and do act alone in some species and under certain circumstances. Nevertheless severe soil drying will reduce the water potential of leaves, which has several effects on an ABA signal. First, reduced leaf water potential up-regulates de novo ABA biosynthesis within a leaf. Second, there is some evidence that leaf dehydration leads to acidification of the cell cytoplasm (Hartung & Radin, 1989) , which means that ABA stored or newly synthesized by leaf mesophyll cells is effluxed to the more alkaline apoplast (Kaiser & Hartung, 1981 ) from where it is more likely to penetrate to the guard cells in the epidermis (Hartung et al. , 1983) . More subtle root-sourced hydraulic changes that do not affect leaf water potential can increase the apparent sensitivity of stomata to xylem ABA . Effects of soil drying on xylem sap pH and ABA conjugates described above may explain the heightened sensitivity of stomata to xylem ABA in some of these cases, although we must not exclude a possibility that subtle hydraulic signals could act directly on guard cells (turgor?) to heighten their sensitivity to a given dose of ABA. These authors also showed that increases in vapour pressure deficit (VPD) around leaves increased the sensitivity of stomata to ABA without affecting leaf water potential. This poses the possibility that the aerial climate can also influence an ABA signal once it has been delivered to the leaf by the xylem. The original suggestion was that increases in VPD directly affected guard cells (Assmann et al. , 2000) to alter their sensitivity to a given dose of ABA. It is also possible that VPD and /or associated aerial factors could induce chemical changes inside leaves that change the effectiveness of the 'ABA signal' that has been delivered by the xylem. Much evidence has been presented that increasing VPD increases the delivery rate (flux) of ABA to leaves via a more rapidly moving transpiration stream, as increasing VPD often increases bulk leaf ABA concentration (Trejo et al. , 1995) . However stomata do not always respond to VPD-induced increases in bulk leaf ABA (Trejo et al. , 1995; Wilkinson & Davies, 2001 ), because of the symplastic removal of much of this ABA from the apoplast. If the VPDinduced increase in ABA flux was paralleled by a reduced ability of the symplast to sequester this in-coming ABA, the sensitivity of the stomata to the xylem ABA would be increased, due to its greater penetration to the guard cells. We now have evidence that this may indeed be the case: VPD and /or related climatic variables (photosynthetic photon flux density (PPFD), temperature) may affect apoplastic pH (see below). Alternatively there is some evidence that local VPDinduced increases in transpirational water loss will concentrate ABA (and other apoplastic solutes) in the apoplast in microsites around the guard cells, and that this could contribute to the heightened sensitivity of stomata to xylem ABA at high VPD (Zhang & Outlaw, 2001b) . Even further sophistication of the plant's chemical signalling system occurs as a result of variations in stomatal sensitivity to a given dose of ABA directly adjacent to the guard cell, induced by changes in the microclimate of the leaf (see below).
Other long-distance signals
There is considerable evidence suggesting that many plant responses to soil compaction and soil flooding may be responses to root sourced chemical signals (Masle & Passioura, 1988; Else et al. , 1996) . Hussain et al . (1999 Hussain et al . ( , 2000 and Jackson (1997) describe that root-sourced ACC and the resulting accumulation of ethylene in leaves in response to stress at the roots may affect growth or epinastic curvature, but this hormone does not seem to affect stomatal behaviour. High soil strength and soil flooding will significantly limit stomatal opening as well as limiting shoot growth, and this can occur even though the water relations of the shoots are not disrupted (Masle & Passioura, 1988; Else et al. , 1996) . ABA delivery to shoots can be increased when roots encounter compacted soil (Hartung et al. , 1994) , and evidence has been presented for a role for chemical regulation in leaves of flooded plants in the absence of increases in xylem ABA (Jackson, 1997) . The mechansims for these responses are not always clear, and interactions between hormones may have a role in these cases (Grossmann & Hansen, 2001) .
Cytokinin transport to shoots will be disrupted by both soil drying (Blackman & Davies, 1985; Stoll et al. , 2000) and a modification in nutrient availability, and cytokinins may have an important role to play in the regulation of shoot growth and functioning. Stomatal behaviour is affected by cytokinins (Incoll & Jewer, 1987) and while the concentration of cytokinin in the xylem may not in itself change dramatically as the soil dries, a combination of this response and the modification in ABA supply (the ABA /Ck ratio) may change sufficiently to be a potent regulator of plant morphological development and physiological functioning (Radin et al. , 1982; see below) .
Chemical control of plant functioning under drought: modification of root signalling by climatic factors
Some sites of action of ABA on stomatal guard cells are on the outside of the plasma membrane, facing into the apoplast (Hartung, 1983) . We have seen above how the concentration of active hormone at this microsite will depend upon ABA delivery to and from the leaf, the partitioning of the hormone between various leaf compartments, rates of ABA synthesis and catabolism, rates of ABA release from and metabolism to inactive conjugated forms, and possibly its concentration / sumping around sites of rapid transpiration. To add another layer of complexity, the sensitivity of the guard cell response to a given dose of ABA may vary as a result of changes in guard cell properties induced directly by the leaf microclimate, or indirectly via changes in the concentration of other constituents of the apoplast. In this section we describe in detail two specific examples of the complexity of the chemical signalling system of the plant: a potential effect of the aerial climate on the strength of the ABA signal that reaches the guard cell apoplast, and a direct effect of the aerial climate on the sensitivity of stomata to a given dose of hormone and a second apoplastic constituent: calcium.
Effects of PAR/VPD on pH and the potential partitioning of ABA As described above the cells of the leaf 'filter out' some of the ABA arriving in the transpiration stream before it reaches the Review 453 stomata in the epidermis. It is therefore to be expected that anything that influences the rate or extent of ABA uptake into these cells will affect the concentration of ABA that eventually reaches the apoplast adjacent to the guard cells. The importance of this filtration function, at least by the mesophyll, is highlighted by work of Trejo et al . (1993 Trejo et al . ( , 1995 , which demonstrated that if stomata were directly exposed to the concentrations of ABA normally seen in well-watered xylem sap (1-15 nM, Schurr et al. , 1992) , they would be closed permanently. These authors found that stomata in isolated epidermal strips were much more sensitive to the same ABA concentrations that were supplied to intact leaves via the xylem. One reason that leaf cells are so good at removing the ABA that arrives via the xylem is because they catabolise the ABA that enters them, which maintains a large inwardly directed ABA concentration gradient (Gowing et al. , 1993; Trejo et al. , 1993; -mesophyll cells; Daeter & Hartung, 1995 -epidermal cells) . The other reason is that the pH of the leaf apoplast of well-watered plants is approx. 1.5 units more acidic than that of the cytoplasm inside the leaf cells. Since ABA is a weakly acidic compound it exists as its undissociated form, ABAH, in the more acidic apoplast. This form is able to diffuse across lipid plasma membranes into leaf cells, and does so readily because of the inwardly directed ABA concentration gradient (even well-watered plants synthesize a certain amount of ABA). Once inside the more alkaline cell cytoplasm, ABAH dissociates to ABA -and a proton. Lipid membranes are impermeable to this negatively charged ABA anion such that the ABA becomes trapped inside the cell, where it can either be metabolised or stored. ABA localisation ('trapping') in the most alkaline compartment has been reported for many different cell and tissue types in several species by Hartung's group (Kaiser & Hartung, 1981) , and even within single cells (Heilmann et al. , 1980) . Therefore, anything that changes the pH of either the apoplast or the symplast has the potential to modify the amount of ABA that eventually penetrates to the guard cell apoplast, and therefore to control stomatal aperture.
As described above soil drying increases the pH of the xylem sap entering leaves. It has been demonstrated that when the apoplastic pH of Commelina communis and tomato (cv Ailsa Craig) leaves is increased by introducing to the xylem artificial sap which had been buffered to a greater alkalinity than exists in well-watered plants, stomata closed in the presence of only a minimal ABA concentration (10 nM -the concentration of the hormone in the xylem of the well watered plant). This demonstrates that even the well watered plant contains sufficient xylem ABA to close stomata, if it can penetrate to the guard cells! (Wilkinson & Davies, 1997; Wilkinson et al. , 1998) .
More recently we have provided evidence that the aerial environment around the leaf can also affect the pH inside the apoplast of some woody ornamental species. Climatic conditions which increased the pH of the apoplast were associated with more closed stomata and slower leaf growth rates (high PPFD/ VPD/temperature). Therefore not only the root environment but also the leaf environment has the potential to control stomatal aperture via changes in pH.
Forsythia × intermedia (cv Lynwood) and Hydrangea macrophylla (cv Bluewave) plants were grown to approximately 100 and 60 cm in height, respectively, in 3 l pots and maintained in polythene tunnels for several weeks, one group experiencing a soil drying treatment. Climatic variables, stomatal conductances and leaf growth rates were monitored throughout this period. Every few days, plants were destructively sampled for bulk leaf (ABA) and xylem sap pH and (ABA). Xylem sap was expressed from the top 10 -20 cm of a dominant shoot under pressure, and pH was monitored in successive aliquots expressed at known over-pressures. It was found that aerial conditions traditionally accepted as inducing increased transpiration (high PPFD/ VPD/leaf surface temperature) also increased the pH of the sap expressed from both species. Under these conditions stomata were also more closed. Fig. 1 shows this effect in well-watered F. × intermedia plants: Fig. 1(a) shows that pH increased with the PPFD incident on the leaf just before destructive sampling; Fig. 1(b) shows that the stomatal conductance of the same leaf just before destructive sampling decreased as PPFD increased; and Fig. 1(c) shows that the highest pHs were correlated with the lowest stomatal conductances.
Unusually, we also found that in F. × intermedia , soil drying acidified the xylem sap expressed from these plants, whether or not shoot water status was maintained via the partial root drying (PRD) technique (PRD -see below). Fig. 2(a) shows that the correlation between PPFD and xylem sap pH was therefore poor in plants grown in drying soil. In this figure, the correlation between PPFD and the pH of the initial aliquot of sap expressed from the shoot is presented. This was assumed to represent sap that had most recently originated from the roots, i.e. that most influenced by soil drying. Fig. 2(b) shows that the correlation between PPFD and sap pH could be restored to the r 2 value obtained with well watered plants when the pH of the final aliquot of sap expressed from the plants in drying soil was used to build the relationship. This was assumed to be sap more likely to be influenced by conditions around the leaves. From these results it appears that in F. × intermedia growing in drying soil a gradient in pH may exist within the xylem, the sap nearest the roots being more acidic than the sap closest to leaves experiencing high PPFD. On the basis of these data we propose that the origin of the effect of the climate on sap pH is the leaf apoplast itself, although it is difficult to measure the pH of this tiny com-partment directly. Various hypotheses for the mechanism of PPFD-or VPDinduced changes in apoplastic pH have been proposed by Wilkinson & Davies (2001) .
In F. × intermedia the climate-induced increase in pH and decrease in conductance correlated with increases in bulk leaf (but not xylem sap) ABA. One possible mechanism for the high PPFD-induced stomatal closure is that its associated pH increase may have inhibited ABA removal from the leaf by the phloem. Evidence for a similar phenomenon was presented by Jia & Zhang (1997) who detected large reductions in the amount of ABA transported out of maize leaves in the phloem when buffers of pH 7.4 as opposed to pH 5.5 were injected into the xylem. In our experiments with H. macrophylla , high PPFD/ VPD had no effect on bulk leaf ABA. We can hypothesize from the type of work described above that the climateinduced increase in apoplastic pH increased the penetration of ABA to guard cells of this species, as a result of reduced ABA removal from the apoplast by the mesophyll and/or epidermal cells. Further work is required to examine effects of externally supplied artificial xylem sap buffered to different pHs on stomatal apertures in detached leaves of these species.
Results of this type show that the regulation of gas exchange may not be a simple response to a dose of ABA coming from the root, but that the cells of the leaf will process information received by both the roots and the shoot. A long-distance signal from the root and a locally generated signal within the leaf may both operate within the leaf at the same time. Changes in apoplastic pH in leaves may be one of the ways that signals originating from both organs interact, with the resulting apoplastic pH value determining the sensitivity of the leaf response to the ABA arriving from the roots. The response to an ABA-and /or pH-based root generated signal may either be ameliorated or enhanced by the climatic conditions around the shoots, through their induction of localised pH changes.
Direct effects of temperature on the chemical regulation of stomatal behaviour
At chilling temperatures, stomata in isolated C. communis epidermis have a greatly reduced sensitivity to ABA ( Wilkinson et al. , 2001 ), yet stomata of this species are still able to close sensitively in response to reduced temperatures, such that plant water status is maintained in the face of chill-induced inhibition of soil water uptake by the roots. At chilling temperatures, stomata in epidermal strips isolated from Commelina leaves had a greatly increased sensitivity to external calcium (Fig. 3 , Wilkinson et al. , 2001) . It has been calculated that the resting calcium concentration in the leaf apoplast of C. communis is approx. 10 µM (De Silva et al. , 1996) . From Fig. 3 we can see that at room temperature stomata remained open when epidermal tissue was bathed in this calcium concentration, however, at 8 ° C stomata were sensitised to close in response to this unchanged resting concentration of calcium. Removal of calcium from the bathing medium removes the stomatal sensitivity to low temperature (data not shown). Previous work has shown that in other cell types in other species, calcium uptake from external solutions is enhanced at low temperatures (Knight et al. , 1991) because plasma membrane calcium uptake channels are induced to open in the cold ( Jian et al. , 1999) . In other cell types responses to cold-enhanced calcium uptake include up-regulation of cold acclimation-specific genes (Monroy & Dhindsa, 1995) . In guard cells it is the consensus of much research that increases in cytoplasmic calcium are an integral part of the signal transduction chain leading to stomatal closure (this volume). Despite the fact that chilling reduces the sensitivity of guard cells to a given dose of ABA, this hormone may still be involved in protecting the plant from subsequent chilling episodes, as there is some evidence in the literature that prior chilling increases stomatal sensitivity to subsequent soil drying. We have proposed (Wilkinson & Davies, 2001 ) that this may result from a 'charging' of the guard cells with apoplastically sourced calcium as described above, which will eventually become stored in the guard cell vacuole. Because the response × intermedia plants grown as described in Fig. 1 under water deficit (approx. 50% full irrigation), and the xylem sap pH expressed from the same plants. 2 A depicts regressions drawn using the pH of the first aliquot of xylem sap expressed from the top 10 cm of the main shoot at up to 2 bars over-pressure, and 2B depicts regressions drawn using the pH of the aliquot expressed between 2 and 6 bars over-pressure. Second order regressions were drawn as described in Fig. 1 . Data are from the same set of plants as those used in Fig. 1a ,c. of guard cells to ABA involves a signal transduction cascade partially utilising the efflux of internally stored calcium into the cytoplasm (as well as its influx from the apoplast), it is possible that previous chilling replenishes this internal store. Thus there will be more calcium available to enter the cytoplasm in response to ABA arriving at the guard cell.
Although we do not yet understand all that there is to know about the physiological basis of root to shoot signalling or indeed the chemical control of stomatal behavior and growth under environmental stress, it seems likely that we can exploit this signalling mechanism to provide sensitive control of shoot growth and functioning of plants when water is in short supply. This may enable us to manipulate growth and yielding under drought and to save irrigation water, which can often be expensive or in very short supply.
Strategies for improved water use efficiency
Irrigation practices always have the potential to be environmentally damaging through depletion of ground and surface water reserves, raising water tables, salinisation of soils, increasing soil sodicity and the leaching of nutrients and agricultural chemicals into water courses. Problems such as these may threaten the long-term sustainability of many irrigation areas, particularly where a water body must serve as a source for irrigation water, a source of drinking water and be subject to drainage from irrigated land. This is true for south-eastern Australia, where most of the country's irrigated agriculture is located, and irrigation water comes predominantly from the Murray-Darling river system. There are approximately 250 000 ha of irrigated horticultural crops in Australia which consume about 2000 GL of water annually. Horticultural crops, in comparison with field crops, generally have potential for manipulation through irrigation management since water delivery is usually to each plant, or to small groups of plants and occurs through pressurized water delivery systems. Some of the problems associated with irrigation could be minimized by improving the efficiency of water use, thereby reducing abstraction and runoff.
During the past 10 yr the Australian winegrape industry has experienced a period of massive expansion fuelled by demand for high quality, reasonably priced wines in world markets. Since 1987 the area planted to grapevines has increased from 60 000 ha to the current area of 146 000 ha. This expansion has occurred in a climate of decreasing availability of water for irrigation, an increase in its cost and a heightened awareness of environmental issues among growers, the public and governments. There is therefore considerable pressure on the winegrape industry, and other irrigators, to increase the efficiency of water use. These pressures have resulted in a move away from less efficient forms of irrigation such as overhead sprinklers and flooding and an increased employment of pressurized systems such as drip and under-vine sprinklers. An increased awareness of the benefits of soil moisture monitoring for irrigation scheduling is also contributing to better efficiency of water use. The Australian wine industry is based predominantly on traditional European varieties of Vitis vinifera and while these may offer some genetic diversity in terms of their water use efficiency, this attribute is unlikely to be a major consideration in new vineyard development. The dominant property considered will be oenological characteristics and the need to provide the winemaker with reasonable yields of high quality grapes. Rootstocks too may introduce further genetic diversity in their response to water deficits, but this resource remains largely untapped as rootstock selection is likely to be driven by other considerations such as pest and disease resistance and improved performance under saline conditions.
A strategy which is able to improve water use efficiency by exploiting the innate drought response mechanisms of grapevines and other crops, across a broad range of own-rooted and grafted genotypes, would therefore be a useful management tool. It is well known that mild water deficits will induce partial stomatal closure and this can bring about improvements in water use efficiency (Begg & Turner, 1976; Davies et al., 1978; Turner, 1997) , due to the nonlinear relationship between stomatal conductance and assimilation, and possibly due also to changed resource allocation which may favour reproductive development under conditions of water deficit which influence endogenous levels of abscisic acid (Dewdney & McWha, 1979; Tietz et al., 1981; Ackerson, 1985; Yang et al., 2000 Yang et al., , 2001 . Through relatively simple changes to the irrigation management of grapevines and other woody horticultural crops, it is possible to manipulate stomatal conductance and bring about an improvement in water use efficiency.
Achieving improvements in water use efficiency
We have noted above that increasing evidence suggests that as some plants experience water deficits, the roots can interact with the drying soil to influence leaf function through the transport of signalling substances (see, e.g. Gowing et al., 1990; Loveys et al., 2000) . These xylem-mobile substances act to reduce transpiration and possibly leaf area to reduce canopy water loss. Manipulation of soil water therefore becomes a potential tool for the orchard manager who wishes to exploit these responses. However, the appropriate degree of water deficit may be difficult to achieve and maintain in commercial practice. The deliberate imposition of water stress has been used to manipulate grapevine vegetative and reproductive development and the oenological characteristics of the fruit but problematic side-effects have occured. For example, reduced irrigation before veraison has been shown to cause a reduction in berry size (Matthews et al., 1987) . Wine made from fruit of fully irrigated vines was unlike wine from early or late season deficit treatments, and there were distinctions evident between 'early season deficit' and 'late season deficit' wines in appearance, flavour, taste and aroma (Matthews et al., 1990) . Goodwin & Review 457 Macrae (1990) reported that reduced irrigation during defined periods of berry growth after veraison reduced berry f. and d. wt and sugar concentration.
The withholding of irrigation water during specific periods is known as regulated deficit irrigation (RDI) and the results have been summarised by Coombe & McCarthy (2000) . A reduction in berry size and hence cropping level often results from the RDI treatment, although smaller berries with higher anthocyanin concentration may improve fruit quality. Berry growth was most sensitive to water stress during pericarp cell division (preveraison) and higher levels of water stress were needed to reduce berry size compared with vegetative growth. Water stress during the ripening period (post veraison) may reduce solute and flavour compound accumulation in berries. This type of irrigation management is practised when there is a need to reduce vigour and manipulate berry size. Although water application is significantly reduced during the RDI period there may be little effect on the long-term water use efficiency since post-RDI irrigation rates are normal and yield may be reduced. Improving water use efficiency through the reduced gas exchange which will occur during the period of RDI is therefore not the primary reason for implementing this irrigation management technique. However, a sustained effect on stomatal conductance can be achieved with another irrigation management technique called partial rootzone drying.
Partial rootzone drying (PRD) and its physiological consequences
The possibility of stimulating some of these water deficit responses in a more controlled and sustained way has been investigated, with a view to improving water use efficiency. This has resulted in the development of an irrigation technique which has been called partial rootzone drying (PRD) (Dry et al., 1996; Loveys et al., 2000) . Implementation of PRD requires that an irrigation system is established such that the rootzone can be simultaneously exposed to both wetted and drying soil. The main effects of PRD in grapevine are that water use efficiency is increased, vegetative vigour is reduced while crop yield and berry size are not significantly reduced. The reduction in canopy density can result in better light penetration to the bunch zone and a consequent improvement in grape quality (Dry et al., 1996) .
The idea of using PRD as a tool to manipulate water deficit responses in this way had its origin in the observation that root-derived abscisic acid was important in determining grapevine stomatal conductance (Loveys, 1984) and the later demonstration (Gowing et al., 1990 ) that split-root plants could be used to show that many of the effects of water stress could be explained in terms of the transport of chemical signals from root to shoot without changes in water relations. It was argued (Loveys, 1991) that it should be possible to manipulate vegetative development if, through management of irrigation, both wet and dry root zones could be maintained. The necessary chemical signals would be derived from the dry roots and water supplied from the wet roots would prevent the development of severe water deficits along with their negative impact on crop yield. Experiments with potted and field-grown grapevines showed that both shoot growth and transpiration could be significantly reduced by PRD (Dry et al., 1996; Loveys et al., 1998; Dry & Loveys, 1999) . One of the important features of PRD is that the wetted side of the vine is alternated on a 10 -14 day cycle. This was found to be necessary because the effects of partial drying could not be sustained for long periods if one part of the root system remained permanently in dry soil while the remaining part was permanently irrigated (Dry et al., 1996) . This has been attributed to the transient nature of ABA accumulation in grapevine roots in dry soil .
Our understanding of PRD responses is most advanced with respect to grapevines, but water use efficiency of other woody perennial horticultural plants can also benefit from this type of irrigation. Experiments with split-root trees may be instructive in helping us understand how the technique can influence transpiration. In an unpublished study (B. R. Loveys, unpublished) , pear trees (WBC/Callereyana D6) were grown with their roots equally split between two 75 l containers. The pots were watered to field capacity three times daily. Heat pulse sap flow sensors were installed in the trunk (80 mm diameter in the area of sensor insertion). Six sensors, equally spaced around the circumference, were used. Sap flow was calculated from velocity measurements according to the instructions supplied with the sensors (Greenspan Technologies, Queensland, Australia). Environmental conditions were monitored by a nearby weather station. During the first part of the experiment irrigation was supplied to both pots. There was a good correlation between atmospheric VPD and the mean value of sap flow derived from all 6 sensors (r 2 = 0.71, P < 0.001, n = 19) (Fig. 4) . On December 26th irrigation ceased to half of the roots. During the next 12 d sap flow did not change appreciably despite considerable changes in VPD. Consequently, the correlation between sap flow and VPD, calculated on a daily basis, fell to 0.46 (P < 0.05, n = 11), which was significantly (P < 0.05) less than when all the roots were watered. The dry roots were again irrigated on January 7th and from then until the end of the experiment sap flow became more tightly correlated with VPD (r 2 = 0.59, P < 0.01, n = 8) as it was during the first phase of the experiment, although this latter r 2 value was not significantly greater than during the period of partial root drying.
These data may be interpreted by assuming that when there is a plentiful supply of water to the entire root system, the availability of root-derived signalling substances is at a minimum, and transpiration is tightly coupled to prevailing evaporative demand. When part of the root system experiences a water deficit the available supply of ABA increases and the effect of this is dependent on the delivery rate to the canopy. Under conditions of high evaporative demand delivery rate is higher and stomatal conductance can be reduced, whereas under environmental conditions resulting in a low delivery rate metabolic or sequestering processes are able to keep the ABA at a lower level. This strategy would increase the efficiency of water use by allowing maximum photosynthesis under mild environmental conditions but would reduce transpiration during potentially stressful conditions.
The long-term application of PRD to grapevines results in a reduction in lateral shoot development (Dry et al., 1996) and this observation prompted experiments to determine treatment effects on endogenous cytokinins. PRD treatment significantly reduced the concentration of zeatin and zeatin riboside in the roots, shoot tips and lateral buds of Cabernet Sauvignon vines . Furthermore, exogenous foliar applications of the synthetic cytokinin benzyl adenine to Chardonnay vines fully reversed the effects of PRD on stomatal conductance and lateral shoot development . These results suggest an important role for plant hormones in changes in grapevine leaf gas exchange which occur as a result of strategic irrigation management practices designed to manipulate water use efficiency.
Conclusions
Increased understanding of chemical signalling processes has refined our ideas about the factors which control leaf gas exchange in plants. Exploitation of the plant's signalling systems has led to the development of an irrigation technique that holds substantial promise for enhancing the efficiency of water use in agriculture. Commercial field trials of PRD are providing data on water saving and on the relationships between these variables, yield and fruit quality in a commercial setting. In most cases, irrigations levels are considerably less than potential evapotranspiration. It seems likely that our increased understanding of whole plant physiology will result in further modification of irrigation techniques and that such technology can be applied to a range of crops in different environments. This raises the possibility of increasing the production of quality plants in those environments that are severely water limited. 
